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ABSTRACT 


The objective of this thesis is to show that an aeutommtic bal- 
eneing unit can be designed to reflect balanced three-phase currents 
fros single-phaees loadsa of veriable sugnitude end power factor. Such 
& balancing unit wir designed, conetructed, and aueceesfully operated. 
The method employed wes bssed upon static schemes whieh utilize « 
tapped reactor and capacitor. Feedback loops were designad to vary 
these belancing resetances in such a way that, for wirlable single~ 
phese loads, the reflected three-yhuse currents were dDalanced and tie 
three-phase power facter was iaproved to .864. 

It is considered tint the success of this investigation worrrents 
further study and engineering development te attain the ultimete ob- 
jeotives of (1) complete elimination of all moving perte and (2) adsp~ 


tation of thie echeme for gingle-phase to three-phiese power conversion. 
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UNIT MODUCTION 


This therls deale with « method of automatieslly reflecting « 
single—phare losd so that it appears sa a belenced three-phase Load to 
the power supply. 

A balancing unit has been degimed which will secomplieh this 
purporse with s minimua number of moving pséertes and without the use ef 
rotating mochinery. Such « unit would hove seversl spplicationsa in 
naval electrical inetallations.* Un submmsrines in particular it is 
desired to elininete roteting exulpment for several reasons, the mort 
important being reduction of nolee, maintenance, space, and weight. 

Ligtting, interior communications, redio, radar, flre-contrel 
eyetems, end similer losds on neval vensele say croducé an unbalance 
in the loedsa on the three phases of ac ship's service generators, By 
neane of tae method of symmetrical] components it oan he shown that un- 
balanced phase currents in a ganerstor will produce unbelanced terminal 
voltages which can in turn be resolved into « eet of balanced positive 
and negetive seyuence componeats. The affectea of this unbalance mey be 
excessive henting of the generator itself or local "hot spote" in the 
windings of induction motors. Thus, if motor capcelty is linited by 

he hottest phase of the atator, a § per eant unbalance In the appiled 
potentials way reduce ite cnapeeity by 22 to 39 per cant. 

The problem of controlling the effects of unbalanced single—phsse 


losds hoe led to the developmmt of severe] types of phase~belancing 





+ 
fees Appendix 4. 
#* Reference (1.), 5. 287. 
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equipment. foteting balencers tend te brlence the voltages and ourrents 
on & power system by periodically absorbing and restering energy to the 
system ueing in thie »roesee the energy etored by the inertie of moving 
parte. The moet important rotating phase-balancers include the nega- 
tive-sejuence emf type, the eerles impedance type, and the shunt imped- 
enee type with seiies capnettor. 

The prefernble method of pheee-belencing ie to employ some sort 
ef atutic network, Reference (3.) illustretee several transformer con~ 
nections which only partly accomplish the purrosa, Other echemes for 
improving the balance of systems by static menns utilise unsymmetricel 
transfomer tape or unsymmetrice] transformer voltoges to balance fixed 
@inglee-phase los4s.”" However, none of the above methods eliminate the 


negative sequence currents. 


The method of phuse-balancing selected for the 
purpose of thie invertigetion congists of s tapped 
reactor and ecapyecitor. This method wee relected be 
enuse 1t lende itself most recdily to autemetioa con- 
trol for balancing single-phase loads of variable 


magnitude and power factors 


The use of such # scheme wus suggested by two applications in— 
volving « constent losd. Keference (4.) deseribes a unit consisting 
of « tapped reactor and oupacitor which wae desiged to balance a large 
single-phase lo«d to turee—phese airorsft inverters. Heference (5.) 
describes a similer unit developed in Grest Eritain for use with elec 
tric welding machines. In both of the shove xpplications, the unit 


$ Reference (2.), pp. 382-386. 
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was designed to balance a purtieular singie=phise load; and any depsr— 
ture from this loading reeulted in unbalance of the systen, 

It is the object of this theals, therefore, to investignte the 
possibility of automaticslly changing the inductance end capacitance 
of guch a unit so that balanced conditions are always reflacted from « 


single-phase losd of varying megnitude ond power factor. 





PROCEDU? 
EXPLANATION OF STATIC BALANCING METHOD 


In erder to lend olgnificance to the various stess in this in- 
vertigetion, 1t first pecomes necessary to show how a taped reactor 
and capacitor can be used to balance a static losd. Figure I shows 
the schematic diagrean of such ea static balancing unit, and Figure IT 
ehows the corregponding vector diegram drawn to represent balanced con- 
ditions. The single-phsse load is connected across terainals B and C 
of the three-page system, The reactor is connected across terminals 
A and Band is tapped through the capacitor to termine] C. Phase rota 
tion is apvumed A-B-C, From Figure Is 


Tan * - I, — Ty (1) 
Tgp * Ty - t= Top (2) 
Tye =I, #1, (3) 


Under balanced conditions: 
ty A s Typ /120° bg Tye / 249° 
If we ageume no lossea in the balancing unit end the pheee ecurrente 
ia phage with the line-to-line voltages, the power into the balancing 


unit must equal the power absorbed by the single-vhase load. Referring 
to Figure IZ, we can write: 


Ky Ty cos 30° = By i, 6es o 





* Ey and I, represent the line~to-neutrsl voltege and the line current 
of ¢ Y-eonhected three-phase syste. a and I. represent the losd volt~- 
age ond current. kote that Ey 4s thus “the line-to-line voltege of the 
three-phase system. 
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SCHEMATIC DIAGRAM=— STATIC BALANCING UNIT 
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VECTOR DIAGRAM— STATIC BALANCING UNIT 
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Sinee V3 Ege Hs 
3 by Ty * oe % , i cos 9 
and ty x ‘fp i, cos @ (4) 


The canicitor current, Lo» 4p ageumed lecding the voltage Bo 
by 90°; while the wmagnetising current, ly» 45 assumed to lag the voltage 
aerogs the reactor by 90°. Ty use of the superposition principles, the 
net current through the reactor cen be considered us being made up of 
the magnetising current, a part of the capacitor current, loos flowing 


between the reactor tap and terminal B, and the remainder of the capacitor 
current, Toy lowing between the tap and tersinal A. 

Yhe value of the eapecitor end the reactor (and ita tap position) 
needed to balance any single-phase losd was obtained by drawing vector 
diayrang giniler to Figure II for varlous asgswaed load conditions. 

In the remeinder of this report, the tapped reactor will he eoneldered 
ag two independent resctors, e.g. the reuctor connected between tere 
minal A and the point P will be designated oy while that sonnacted 
between terminal B and point PF will be eu It cen be gean that the 


following equetions apply: 


v 
Ix, * wae (5) 
Ty * Ip) 
Sp * PB (6) 





Ty 
Veg 

-3% 3 - (7) 
¢ 
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Figure X of Appendix BG shows vector diagrama drawn for several loud 
power factors. Pigure III ssowa tow Xia Xo mand Ky vary with lond 


power factor. 


EXPERIMBNTAL VEBLYIGATION OF GEAPAIGAL STATIC ANALYSIS 

The next step in the preeedure wae to verify szperimeantally the 
remilts of the grephieal etatle analysis. Figure ITI compares cal~ 
culated and measured waluer of the balancing reactomees, and substan 
tial agreement 1a indlested. Figure IV comorres caleulsted and aeassured 
values of chase currents under balanced eouditdons.” Calculated values 
are based upon Eyuction (4) which asauase no lognes in the baleneing 
unite Ag was expected, the necsured chase currents were lerger than the 


exleniated values dac to some dissipation in tne inductors. 


PRINCIPLE OF OPERATION OF AUTOMATIC BALANCING UNIT 
With the acconplishnent of these crelininary stevs, the next ob- 
joative wee to design an automatic balancing unit. The fundamental 
principle upen whieh our design is based oan be stated as follower 
If tha values of the belencing resetences, 

Hae x2 and Lo» ere continuously adjusted as that 

the three phase ourrents are in phase with the Line~ 

to~line voltages, balsnced phuse currents will result. 
By inductive reneoning, es set forth in detail in Appendix B, it ean 
be shown that a snift in any of the three phese currents from ite bel- 


enced potition results in an unbalanced systeny conversely, when the 





* Data for Figures ITI and IV will be found in Tables I and If ef 
Appendix D, 
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three phase currents are in phase with the line-to-line volteges, bal- 
anced ovrrents result. This principle was verified experimentally when 
the deta of Figures III and IV was obtained. The balancing reactances 
were adjusted successively until each phage current wee in pheee with 
ite line-to-line voltage (as indicated by Lisesjous Figures on a CHO 
screen), and it was noted that thie process always produced a balanced 
ay stenie 

Stated simply, the problea of designing an automatic balancing 
unit now beeoses a matter of uxking the balancing reactances chenge in 
response to phase differences between the phase currente and the line 
te~Line voltagese Figure V(a) shows in block diagran form how we pro- 
pore to aceoaplish this. The differential and the bleck EZ combined 
represent on error sensitive element whose output, Vo ie a function of 
the phase difference between the phase current and the line-to~line 
voltage, Block ?(X) represents a syaten which causes the balancing 
reactance, X, to change in ecoordance with the polarity of ¥° Finally, 
the bilancing reactance oparater to change the phase position of the 
phase current to complete the feedback loop. 

Hew this system scoomplishes its purpose can be explained by con~ 
sidering the factors which determine the position of the phese currents. 
Combining Squatione (3) and (7) we haves 

Tyo = +1, m i, + e 
Combining Equations (2) and (5) and noting thet I, cS Toy + Tos 


we hove = 4 
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FIGURE Z 





DETAILS OF PROPOSED BALAN 
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(B) SCHEMATIC DIAGRAM OF ¥(Vol BLOCK IN (A). ree 
iP? 
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we 


Since the position of point P in Figure II 1s a fumetion of the velue 


of ell three balancing reactances, we can write 


Tyg = ¥ (ye Sy Sige Xo) 
Tan = 5 (Tey yy» Tyae Xo) 


Coneiidering Figure If in conjunetion with the «bove equationa it can be 
geen thet X, hse the preponderent effect upon Tyo and thet by adjusting 


it alone, we cen change I, to maintain Lie in phase with ¥ This is 


cB* 
the funetion of Feedback Loop #1. Gimilerly, K,, has the preponderant 


effect upon Typ and by adjusting it alone we can change lL, to maintain 


This is the funetion of Feedbeek Loop #2. 


BA’ 
It should be noted thet no feedback loop wan eaployed to main— 


Typ in phase with V 


tein Tn in phere with Vine Referring te Figure III we on see tant 
there ia almoat « constant ratio between Xs and ty in the range of 
load power factors between .3 and «8 and that tais ratio veries only 
slightly st higher power factors. In consideration of this facet, it 
was decided to eliminate the third feedback loop ty coupling the 
reactance Lie Girectly te A by meens of a constant gear ratio ss shawn 
in Figure V(a). 

It should now become obvious that the system functions en the basis 
of a stap~lby-step process ce the two feedtaek leope contimously correct 


Xu Xs and he until balanced phese currents ere obtained. 


The error sensitive elesent is « Differential Uslf<vave Phase 


Detector whose output voltage, V., is a function of the phase angle, #, 
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existing between the two input voltages. A detailed explanation of 
this clreuit le included in Appendix B. An BeC bridge network was en~ 
ployed to shift the line-to-line voltage ty 90° before it wae coupled 
to the phese detector reference input. 4A voltege proportions] to the 
phase currents wae obtained by ingerting 3-ohm resistors in lines 8 and 
C and coupling the volteges ecroes them to the phese detector signal 
input ky means of « treneformer with negligible magnetizing current. 

Referring to Figure V(b), ecntrol of the 2—phcee servo motor is 
achieved by mecne of a combination of relays and selenium reetifiers 
which contrel one field winding and aske the motor turn in the prover 
direction in response to the polarity of oe 

The method used to obtuin a veriable resctance was to reflect a 
fixed inductor or capacitor from the secondary winding of a Veriec, which 
ig the trade name for en edjuctable auto-treneformer. The contact arm 
of the Veriac is driven by the cervo motor through o step-down gear train. 
The fixed reactance is taue reflested to the output tereainale of the 
Vuriac by the a,uere of the variable turns retio. In the preliminary 
invertigations of thie thesia, it was proposed to obtein verleble in 
ductence by neens of a magnetic emplifter whose contre] winding would be 
excited by the phase detector cutput voltage. Thies scheme was subdee- 
quently abendoned beceuse of excessive distortion in the output current 
of the magnetic enmplifiler. 

A final peint in this seetion concerns the mtter of compensation. 
Tachometric feedback was employed to improve the stability of the syetex 


and provide sore perfect followup. The tachometer war gesred to the 
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shaft of the servo motor, end the voltage generxted wae subtracted fron 


V, 86 shown in Figure V(b). 


DATA TAKMM QN AUTOMATIC BALANCING UNIT 
The final step in tha procedure wan to record the stetiec end 

dymmtic perfornence of the balancing unit which vas designed, Staady- 
state cherscteriatics were obtelned by recording for gach phase current 
ite magnitude, wiveferm, and the Liseajoue Figure which resulted between 
the phese current and ite line~to~line voltage. Trangient reesonse data 
wae obtained by mena of a bifller oseillogreph which recorded the tran- 
glent nature of the three phese currente when the single-phase lord war 


sbruptly changed. 
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SEULTS 


The experimental work undertaken in this investigation confirmed 
the principle that an automatic balancing unit could be designsd to 
reflect balanced three-phase currents from a single-phase load of vari-~ 


able magnitude and power faetor. 
GLECUIT DLAGIUM 


Figure VI is a schemetic disgram of the balancing unit. Figure 


XIV of Appendix D shows values and data for euch item of equipment used. 


STEAN-STATE GAARsOTERTSTICS 

Figure VII i¢ « plot of the valuoe of the three phase currents 
versus losd power factor for belanced conditiona, Table III of Appendiz 
D gives the data for Figure VII. Table IV of Appendix D shows the current 
waveforme end correspenfing Liessjous Figures for the steady-state char~ 


aeterieties of Figure VII. 


THANSLONT ResPoNer 


Figure VIII shows the tranelent response of the phase currents to 
(e) & step change froma no-lesd to fuli~load and (b) a step ehange from 
full~lead to no-lead comiitions. 

Figure IX showe the transient rezponse of the phese currents to 


(a) a step inerpase in load and (b) a step decrease in load. 
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TRANSIENT RESPONSE OF BALANCING UNIT 
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(A) NO-LOAD Seater eoAD 
14 SEGONDS 


54 | O Toa 
34 O Ide 


34 
(8) PULL-LOAD FONG Ramer» 


NOTE: ACTUAL CURRENT VABWES 4-13-51 
ARE GIVEN IN AMPERES. Dre 
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TRANSIENT RESPONSE OF BALANCING UNIT 


(A) STEP INCGRiEVASS lO jeio7D 
14¢ SECONDS 





(B) STEP DECREASEMGR I O7a: 


NOTE: ACTUAL CURRENT “VAIBWIES a3.0/ 


fa? 
ARE GIVEN IN AMPERES. a 


DESCUSSION OF HESuLTS 
GENERAL 
An analysie of the results will be mode with two viewpoints in 
mind; (1) the cower level and (2) the objective of the thesis. Prie 
arkly, the objective was te derign end construct a network which would 
actually convert three-phase power into single-phase wover, and recondly 
to design the network with « minima of moving carts end ynewam tubes. 
Ag stated in the reaults, the priscry cbjective wae fulfilled. In 
addition, power factore were Leproved te .866 in the three-phase systen. 


The design of a similer unit to convert single-phare power to three—phage 


power wag not attencted but say be pureued furtuer, 


CLECULT DISOsAaM 


The two main componente of the balancing unit sre (1) tae error 
senaitive clement «end (2) the meane of obtaining variable reactosce 
(Pigs VI, Fig. XIV). 

The phase detector was satisfactory in every ressect. There vere 
no moving porte in the pivee shifter or phere detector, and the diode 
reetifiers could sxsily be revlseed with celendium rectifiers. The twine 
Glode outpat current wee of the order of 3 ma. More output currant at 
this volnt would nave loxded the signal voltage from the sesil resistor 
in the line, CGreeter cutout current from the detactor could hive been 
achieved using current transformers in the line and the selenium reetifiers 
mentioned previously. 

Variable reectance was cbtuined by the use of # Veriae which reflected 


its secondary impedance into the clroult by the equare of the turns ratio. 
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The Yoriac ia a relatively inexvensive, rugoedly constructed, werinhle 
auto-tranafomer with simple, direst cetion, reyiiring little uintennnee. 
A ponll serve motor wan used to physically position the Varia, aud there- 
by introduced moving parts for the firet time. The magnetic an li fier 

or satureble-core reactor Ciseussed in the Preeedure proved infeasible 
beartise of the lerge aurmonia content in its outpet. Its porsible furtner 
sédeptation should not be ignored. another noselbility for achieving varle 
able renctance without moring perte mey be the use of a tap-chenging 
trensformer, the tape being actucted by releys in eacuenticl order. 

The servo motor used to pormition the Variac waa a tveenhers, d-uett 
motor, Alternatively, a awll deo motor would hive sufficed. The power 
for the twmn=epheee moter was suprlie? by eonrooriate treneformer arrange~ 
nante from the three-phase Lines. fince the error asienol from the detector 
wea dee, it wes necenatry to control the cee rover of the tuoevhease motor 
by relays. (See Appendix C). A modulator and power emo lifier driving one 
phase of the motor we considered but eliminated beecuse of the intro- 
éaction of vweenus tubes. Tt leter proved necessary te bring vacuum tube 
enplifiers inte the cireult since the current ontout of the detector wee 
ineuffielent to actuate the releaye used. The vee of releaye wae ¢on- 
tinued, however, in the expectation that at higher power Jevele, the pm 
plifiers would be unnecersary, If naclifiestion in needed, mignetic 
taplifiers may be ured to ensure the elimination of vecuum tubese 

From the nature of the feedback loop smd the ehrracterization of a 
positional serve with inertia, the moter output would be orcilistory, 


Either friction on the shaft or « voltage proportions] to motor output 


ee not neme mmaumerneneona one aaemee tae auuneeooenanme emsemeenenrne mmr eet me oreo eauaeaansrecameeaneeesieumamnan eenigumietemeneneneenneenemneniennn nme 
*® References (7.) and (3.). 
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speed had to be fed beck to damp the oscillation. The latter (tacho- 
metria feedbsek) wes eaployed and enabled the use of much greeter etatle 
yein in the system, 4 scheme for dynemia breking of the motor shaft in 
the relny dead zone ia considers? in Arvendix 6. 
The auscese of the circalt ae constructed is 

believed sufficient te warrent an engineering oomtruct 

for the design and construction of « 4 to 10 KVA satun, 

Compsriscns should be ande with existing paere converter 

ay steae. 
In this respect it muy be noted thet an insresue in syeten frequency 
(i.e, 209 cyelas) would reduce the aise of tus resetore ty the ratio of 


the frecuenstes. 


SLFADY ERATE CRARACTRELSTICS 


Figure VII shows ihe steady—state line currents plotted agiinst 
losd power Puctors. The differences between the theeretiasl and ob- 
verved bulenced currents are due to toree effects: (1) phese currente 
not exectiy in phass with line-~to-line voltages, (2) reeistence losees 
in the inductors and losees in the Variac, and (3) hermonies in the 
currents due to non-linear elements or seturetion., ILtema (1) and (3) 
have oniy « reactive power effeet which ia generelly leas than the 
originul single-phare reaetive loed. The three regions of Figere VII 
corresponding t© the shove effects are imiicated on the Gragh ce I, YW, 
and Tit. 

Region { is caused by the fect tnat Ty, La net in phace with ¥, 
as indieeted in Table IV, fopendix 9, In the design of the system, Ko 
were aggumed to have « constent ratio, and were time coupled to- 


and X, 


gether. Figure XII({a) indicates « pronminced departure from this retio 
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above load power feators of 8. Deaahed curvaa on Figure VII were ob 
tcined by uncoupling 442 and te and then mamally adjusting Bo to 

keep Tan in phase with Vio as indlested by a Linsajoue Figure on the 
CHO. If lozde are expected in the region of .8 to 1.0 power froter, 
three separate feadback alreuite should be used toe balance the currents. 

Region IIT is what would normally be exvected from mich a unit, 1e@e 
the difference between theoreticos] and observed wolues approximately 
equale the losses of the system. High! inductors oan be easily made 
with higher efficiencies remulting. The brush drop of the Varlac way 
be reduced with proper design. The use of relays to control the ererve 
motor makes their idling losses nil, and the detector power losses can 
algo be made negligible. 4m overall efficiency grester than 90% should 
be esally sttained, 

Kegion ITI 1s due te the saturation of nt which occured at s pover 
factor of about .6. The current rating im the eeeondary winding of the 
Variac hes been exceeded and tus hermonies heve been Introduced inte 
the phase currents as indiceted in Table IV, Appendix BD, Appendix € 
diseustes in more detail the ectual saturation of Xa and how to prop 


erly deat the elements to minimize non-linearitior. 


With threes feedback loope adjusting Ay 9 and 
Ke end with the proper desljm ratings of elenants, ro- 
sulte epproximating the theoretiesal curva of Figure VII 
could be obteined for any opereting region of load 


power fueteor. 
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TSONELENT BESSON CEs 

Figures VIII and IX show tne transient reaponae obteined by acply- 
ing step changes of lead. The time scale end rme voluas of inltisl end 
fine] eurrente are indicated. The current deflection soales vere not 
identical due to unequal, line resistors and oscillograph gains. 

The no~load currents indiented 4n Figure VILL cowld oct be detected 
on the ammeters used, but they ghould not be more than the no-load loss 
of the three Varines. Thin is given as 3 watts exch (et 115 ¥) resulting 


in a total no-load loss of 4.2 watts (at oe 
3 


Transitory oscillations were of no inportence einer in every case 
balanced conditions were produced in lees tivin 10 sseonds. This rerpyonse 
time is considered ample when compsred with the nature ef the expected 
losd fluctuations. An improvement in response eculd be achieved with 


the use of dynomle breaking 22 discussed in Appendix C. 
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CLUSTO 


Based upon the results of this investigation, it is concluded that 
& balancing unit can be designed to accomplish automatic three-phase to 
single-phase power conversion with a minimum oumber of moving parts, no 
vacuum tubes, and without the use of rotating machinery. In addition, 
4t may be posalble to apply this scheme to the conversion of single- 


phegse te three-phase power. 





The following 1a a list of recawmmended Leprevenenta in the design 
of an automatic bslencing unit with a view toward possible engineering 
development: 

1. Selenium rectifiers chould replace the vecuum tube rectifiers in 
the phase detector circuit. 

2. A current trenaformer ahould be used to couple the line currente 
to the phase detector signal input. 

3. A third feedback loop should be employed to adjust Xs in response 
to the phase error of Tyys 

4e Control of the twoephese moter may be improved by the schemes 
outlined in Appandix C. 

5. Magnetic amplifiers may be ured to provide any aaplifiesetion re- 
quired in a developed unit. 

& The possibility of ucing exturable-core resoterm or tap~changing 


transformers to obtain variable reactences should be investigated. 


In addition, it le recomnented thnt a balencing unit of this type 


be adacted for single-phaece to three-phase powar conversion. 
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APPSNDIX A 
SUPFLEMUNTARY INTOODVCTION 


NOTE OF BRBOR IN EBFERUNOES (42) and (5s) 

It is of interast to point out an error common to References 
(4-) and (§.) whieh will have an important sigifleanee to one inter 
ested in osleulating values of Ma X ard Xe by meann of Fouctions 
(5), (6), and (7). With reference to Figure II, both authors showed 
the lecus of point F 2s e atraight line joiming A and 5. This would 
be true if the only current through the reeator was the megnetising 
aurrenty be However, elnae the resetor current is made up of ‘ and 
portions of Tos the voltsgs acroes the reactors must lesd the ramiiteant 
earrent by go° as shown in Figure I2. This places the locus of point fF 
outeide the triangle ABC (see Figure X of Appendix ©). Vig is thua the 
vector sum of V,. and ¥,, the volteges scrors S,1 und K,. respeetively. 


Failure to recognize thie point would lead to large errore in enl- 


culating the values of reactances needed to obtain balanced conditions. 


at 


£YSL APPLICATIONS 


a 





Although there have been some probleus in connection with converting 
three-phase te single-phase power on navel gurfece veanels, they have 
been solved satiefactorily without the uee of balancing equipment.” 

The type of balancing unit which we neve designed would lave an 
dumedinte appliention in fleet trpe subasrines for converting single- 
phree to three-phase power. Gn $8 213-313 the only a-c pover available 


is from three 15 EVA, 60 oyele, single-phase output notor-generetors, 





* References (10.) and (11.). 
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while on && 313 and up, this power le supplied by from four to six 

12 KVA, G-cycls, single-phega output notor-generator seta. Flectronics 
and ordnance reqjuirements are guch that roteting a.chinery La being used 
to supply approxiustely 6 RVA, 1209 volt, three-phase, 9.5 power factor 
loxds in tha first cane and apvrezimately 2 KVA, 120 volt, three~shuse, 
0.5 power factor londe in the latter. 

On the latest eless of eubmarines (SE 963), tiree-pheee motor 
generator sets supply both turee-phass ond sluigle-phere Louis, It may 
be tust & phases belencing unit could be used advantageously to gupyly 
the single-phase load, 

‘The Bureau of Ships has received seversl rejyueste for infonaction 
vegerding tiree-phane to #ingle-phage power sonversion. One was in oon~ 
nection with a portable radio set in which a three-phase gonerstor vag 
used to eupnly both three-shase end single-phase power, Another inguiry 
sencerned a school ingtellistion in wiich « fairly ecousideratle block of 


single-phase power was needed for the ocseretion of uynchros. 





ASPEMDIZ B 

PROOF OF ERINCEPLE OF OPERATION OF AUTOMATIC BeLANCING UNIT 

In the Proeedure it is ateted that the automatic balancing unit 
wae dealgned to function on the principle that a balanced thresechase 
lond will be reflacted to the sourne if the shase currents are msintained 
in phace with the line-tomline voltages, To vrove thie we mast emvley a 
process of inductive reasoning. Keferrine to Fizure [I, let us imagine 
the situation wiich would result if, with the system initially balenced, 


<= 


Xo wag suddenly increassed to weke the magnitude of I, about half that 


ghown, Sines the current in line © must equal the vector sum of i, and 
Togs Tee would now lag Nee by ea aanll angle and become greater in aegni- 
twie than the vector shown. Assuming that tae resctera were not ehanged, 
the vector i, would remain unchenged, Since i, is now maller then 
befora, both a anid he will alse become amaller in magnitude. It can 
now he seen that Ts will bacome granter in magnitude and slightiy 
chenged in direction due to the erange in Laps The mugnitude cof Tye will 
be elichtly deeressed and it will new leg o4 by an appreciable angie. 
Thus we gee that all three currents, Tess Type and Tyce heve beeome un 
baloneed in magnitude and phece due to shifting only Lon from ite proper 
position. Applying « eimiler crocese of reasoning to « number of aif~ 
ferent sssumptions leads to the conclusion stated previously that the 
system will he baleneced only If the balancing rewctances are adjusted 

so thet exch phase current is in phase with the proper line-to-line 


voltage. 
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FIGURE X 


VECTOR DIAGRAMS FOR GRAPHICAL STATIC ANALYSIS 








NOTE: 
1.0 PER UNIT CURRENT = Ii, 
|.C PER UNIT VOLTAGE # Vac = Vea = aa 
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DIRPERSNTIAL BALF-WAVe Page DETECTOR 

The olreult diagran and vector dlagrem of the shinee detector are 
shown in Figure XI. The reference voliage aust be shifted 90° to olin 
inate the ambiguity at @.= 0 and also to afford greater sensitivity. 
Thus it ean be seen that if the signal and reference voltages cre in 
pheee (9 = 0), the vectors E, end %, will be equal in megnitede. By 
means of the muoothing R-C circuit, direct voltages approximately ecual 
to the magnitudes of E, and E, will be produced at the output terminals. 
Sinee the polarities of these voltages are opposing, the output veliage, 
V5 will be zero. 

If there is a phase angle, J, between the signal and referense voli- 
ages, V, will be relsted to % by the equation 

_ 22 wan’, * 
wi a 

which shows that V. is a function of both E. and $. In order to aake the 
error voltage independent of the magnitude of the phase currente, the 
line-tomline voltege of the three-phase system was used as the reference 
voltnge; and a voltage proportional to the phase current was introduced 


ae the signal voltage. 





* Reference (6.). 
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FIGURE XT 


(b) VECTOR DIAGRAM 
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(C) CUTPUT CHARACTERIS Tic 


NOTE: THIS art aed BASED 
ON REFERENCE (6,). 
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APPENDIX g 


SATURATION OF Xi 


To achieve proper retings of the Varisa, it is necessary to estab- 
lish the range of power facters to be encountered, i.e. power factore a 
and b of Figure XII(B.). Then the coupled inductor on the Variac is 
x, (for W= 1) and the following relations holds 


*/x,, * n* {3) 


i, x= i, (9) 

To design the network in order to achieve as hi gh a power factor aa 
possible for balance, G3 wes purposely mede low (69 obme or .33 pelle 
for i  .G anpe). This permitted theoretioal balance at a power acter 
of .95. At power factor = .6, however, the per unit X,, required was 
2o4p and with a base current of .6 amps, the secondary current wae .73 soups 
(See Equations (8) and (9) above). This current is rapldly approaching 
the Vurlac rating of 1 amp and thue saturation ocourred with harmonics 
being introduced (Teble IV). 

The maximum ourrent ratings of the Yarlae can be designed, however, 
to prevent aituretion over any range of lead power fsctora. If complete 
range of power factors is ta be reecned, periodic psralleling of induc- 
tors (1.0. steps of Ye « 4 or 9) would perslt the ourrent rating of 
the Variee to be of the order of two or three times the thesreticel Ty, 
and thue miterially reduce the required reting of the Varise on wa’ 

Xo and X hive no wide range of reseteances when I, is constant, 


C 
and they merely must be of the seme order of current rating as the single- 
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TWOAPHASE MOTOR CONTROL 

Three schenee of obtaining polarity sensitive motor control sre 
shown in Figure XIII. 

Sehene I indicates the method used in the balancing circuit as 
Gewigned. If a signal hae been applied and the motor is running, e de- 
erease of the signal will permit the relay in use to open. Inetend of 
cousting quickly to a stop, the notor continues to run due to its inertia 
and the single-phase torque of Field 4. Sufficient damping wes present 
so timt thie wae not a sericus objection, tut sehewes IL and III shew 
two alternate methods for handling thia situation. 

Scheme Ii consists of relay colle eimilar to sehame I, tut the relays 
are doukle contact srrangements permitting opening end closing of the 
two flelda sisultanecusly. The method is advantageous since it elininates 
the single-phase driving torque end also the no-load logs in Field A. 

Echome ITI uses dynamic braking during the normelly-open perlods 
of relaye #1 and #2 by the use of a@ third, normally~closed relay which 
siumte Field B. Relay #3 mat in addition be ast to open et a lower 
voltage than the normally~ooen relays #1 and #2 close, and conversely, 
reley #3 aust close st 2 lover voltage than relays #1 and #2 open. No 
rectifier 1a provided in the coil of relay #3 aince 1t must act as indi- 


cated above in response to a signal of either polarity. 
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FIGURE Xin 
TWO- PHASE MOTOR R__CONTROL 
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DATE OBTAINED BY GEAPAICAL STATO ANSLYSLS 


won 


wong Se to Xo Be Sete Se Tm tt Ye 


1.90 1615 1333 3546 1.52 287 1.75 0 0 57 «667 86 
95 81.0) At 2230 180 668 1.18 eel, 6% 034 
690 61607) = 5935 2000 oS aD 2600 065 
085 leh 8660 1690) 845 85K 1,02 o 0566 1.94 
680 1622 «667 1.82 1.62 865 092 & 0535 LexXd 
o75 leeO «71 17S «48 253 091 078 250 1.56 
70 382630) «1765 1.70 1.48 45K 89 230 o4O6 1.72 
065 1637 6795 1.72 hb 25ST ohh = 9G 2434, 2.22 
69 1.399 »83 1.68 150 16 835 .98 400 245 
7 1.9 8 1.6 1.55 67 0825 1.12 0 334 3236 
AD 1656 693 1.70 whl .73 335 1.20 02 4051 
2 CULTS? le lOO 0875) 1435 020 6.75 


NOTES 
(1) All quemtities are per unit. 
1.0 per unit current = t 
1.0 per unit voltage = Fi sett Assia 
(2) See Figure II for notation. 
(3) This date is plotted on Figure III (solid lines). 


(4) Calewlstions vere wede using Eyuetions (5), (6), and (7). 
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EXPERDARNTAL DATA ZO VERIFY GRAPSIOAL, STATIC ALALYSIe 


Per Unit Bese 


“ 
i MASE 

179 109 

250 108 

a35 108 

150 109 

182 108 

204 109 

1% 108 

124 112 
Fer Unit Voltage 
v v v x 
ea a — 
L.6F 651A 1085 
1.65 «57 1.32 
137) 039 1Leig 
lO 439 096 
125 034 292 
1.19 648 262 
1.18 .56 052 
1.90 1,50 9 


(1) Chreuit Magram: 


Per Unit Current 


97 
036 
85 
280 
&9 
37 
355 
31 


Par 


1.72 
1.72 
1.42 
1.63 
1.82 
#009 
eot$ 
Zend 


Th 
07S 
+69 
«55 
«50 
035 
64 
07d, 


Unit 


8) 
o81 
65 
71 
«63 
o87 
037 
1335 


Per Unit Current 
Tig tae Tan tan “gc 


e270 a7 
29 32 
o38 oh? 
9 LY 
“52 460 
06D = 568 
69 .70 
68 <s72 
Reectence 


ee = 


Leb 
he5 
340 
1.96 
1.77 
1.93 
075 
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with Koo Kine Load, and in phases 4, B, and C, 
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» 50 
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063 
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Same se Figure I, with amneters in series 
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(2) 


(3) 


(4) 


sen hance 


Apparatus: 2 fixed inductors (.5h) 
2 variable powier sore inductors 


elh to 1.0h (4.3 obme/.ih) 
4.9h te 10 h (46 obms/h) 


1 decade capacitor (.01 te 10 uf) 
& iC ammeters (aceuracy 33) 

% slide wire resistor (1000 ols) 
Coke. and YT VM. 


Accursey of phaee meesuremant using C.f.O. wes 2 10% at 


low power factors and = 1 at high power factors 


Aecurcey of balance was affeeted by the feet that the cowder 


core inductors could only be adjusted in 10% stepa. 
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TABLE TIT 


STEADY mETSTS CHARSCTERTOTICS OF DESIGNED RETWORK 





 - eae Tyalrone 5.) TaplFen a.) em 
«95 055 1.9 933 of3 ohh 080 ee3 053 
299 °§3 1.9 035 0&6 041 0f7 026 09 
085 60 1.9 039 «5 24D 0&7 032 053 
«BO 6 1.9 036 +69 037 262 034 056 
078 s&0 1.0 34, 057 034 » 57 034 056 
073 oH 1.0 032 «53 032 053 033 255 
065 269 1.0 030 0 50 30 «69 el «51 
+69 69 1.0 028 ek? 023 oA7 029 AS 
055 6) 1.0 oe7 5 026 043 o2d 047 
+59 2 1.0 028 oh? 025 042 e28 of7 
oA5 & 1.0 226 AF end 038 a7 £5 
049 260 1.9 026 043 23 038 en? ah5 
035 » 60 1.9 o2 242 eae 36 avd oT 
239 060 1.9 02h oAD on3 038 ot? 245 
#295 37 1.3 039 068 oH 286 033 067 
%.90 oS) 1.0 033 066 033 256 032 064, 
*.35 «43 1.0 “ead 063 03) 063 030 «61 
*,39 048 1.9 ona aoe 22d 062 ext 69 





* Rote: Xia aloconnectad from x and manually adjusted to keep Ty, in phare 
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